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A series of 19 compounds of general formula R1S-Cd-SR2, R1, and R2, being some biologically
relevant thiol amino acids and peptides, were prepared by direct reaction of cadmium(II) ions
and thiols in water at millimolar concentration. The obtained products were characterized by
electrospray ionization and triple quadrupole tandem mass spectrometry. The source spectra
of stoichiometric 1:2 Cd-thiol systems containing either an individual thiol or equimolar
mixtures of two different thiols featured several Cd-containing signals, although at much
lesser intensity than in the previously reported experiments with mercury(II) (J. Am. Soc. Mass
Spectrom. 2004, 15, 288–300). Also, the relative intensity of the homo- and heterodimeric
thiolates were significantly different from the theoretically expected 1:2:1 ratio, thus pointing
at some degree of discrimination between the different thiols. In particular, homo-cysteine
showed much less reactivity than cysteine, and penicillamine and cysteine methyl ester much
less than the free amino acid. The fragment spectra show structure-specific ions for the
different ligands bound to the metal ion and allow a stand-alone determination of the
connectivity also of isomeric pairs. The fragmentation pathways are similar to those observed
for the corresponding mercury(II) analogues, with the addition of further intense and specific
fragments, one formally carrying a Cd-bound OH ligand and one connected as a five-
membered oxazolone carrying a cadmium-bis-thiolate side chain, both formed with a high
intensity. Energy-resolved fragmentation data show that metal-free ions can be generated from
cysteine but not from glutathione conjugates and point to the possibility of unveiling
differences in the biochemical behavior of the conjugates of different heavy metals through the
detailed study of their mass spectrometric fragmentation. (J Am Soc Mass Spectrom 2006, 17,
1442–1455) © 2006 American Society for Mass SpectrometryCadmium is a metal of industrial importancewhich is mainly employed in metal electroplat-ing, in the manufacture of Ni-Cd electric batter-
ies and of electronic materials, such as crystalline cad-
mium sulphide (CdS), one light-sensing element in
measurement devices. Due to its natural and anthropo-
genic ubiquitous dispersion in the environment, cad-
mium can be absorbed and stored in the tissue of
several plants, also of human food or nonalimentary
importance such as rice and tobacco and, thus, be
ingested or inhaled by the general population. As
several other heavy metals, it has a long-known toxicity,
directed towards several body targets, among which are
kidney, bone, the immune system, and is also a human
carcinogen [1].
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doi:10.1016/j.jasms.2006.06.012One peculiar adverse health effect of cadmium is
irreversible loss of the sense of olfaction in workers
exposed to aerosols [2]. It has recently been demon-
strated that salt solutions of cadmium and zinc, instilled
into the nostrils of experimental animal models, are
retrogradely transported into the cellular body of olfac-
tory neurons as conjugates of glutathione and of metal-
lothionein [3–7].
Thiol compounds of Cd2 with glutathione, cysteine,
and other biothiols have been identified as excreted
biliary metabolites of the metal [8, 9] and as its renal
transport form across cellular membranes, since the
conjugates mimic the shape and charge distribution of
natural chemicals, such as cystine, and employ their
natural transport systems to migrate between body
compartments [10].
The formation equilibria of glutathione and cysteine
complexes with cadmium in aqueous solution have
been the subject of studies with potentiometry [11],
polarography [12, 13], and NMR spectroscopy [14, 15].
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1443J Am Soc Mass Spectrom 2006, 17, 1442–1455 ES-MS-MS OF CADMIUM THIOL CONJUGATESConjugates of cadmium and glutathione of 1:1 and
1:2 stoichiometry were identified by radiochemical
methods and by MALDI mass spectrometry in the S.
cerevisiae yeast [16]. The conjugates of phytochelatin, a
cysteine-containing plant polypeptide with a strong
binding capacity towards heavy metals with cadmium
and arsenic have been recently characterized by mass
spectrometry and fragment ion analysis [17a, b]. The
reactivity of several heavy metal ions towards glutathi-
one and thiol amino acids has been studied by electro-
spray ionization and mass spectrometry [18, 19]. A
theoretical study has recently been devoted to the
interaction of cysteine and some divalent metals,
among which is cadmium [20].
In the view of probing the reactivity of Cd2 towards
bio-thiols, we have characterized by electrospray ion-
ization and low-energy collisional spectroscopy several
compounds of general formula R1S-Cd-SR2 (R1 being
equal or different from R2), which are formed in the
reaction of Cd2 with the amino acids and peptides of
the glutathione metaboloma and some related drugs.
This work is preliminary to the setup of molecular-
specific analytical methods to measure the in vitro
equilibria of cadmium under biomimetic conditions
and in the biological fluids of human subjects exposed
either occupationally or through environmental
sources.
Experimental
Caution: Cadmium compounds are hazardous and should be
handled with proper precautions, under a fume hood.
All reagents and solvents were of analytical or reagent
grade and were employed as received. The employed
thiols: cysteine (CySH), cysteine methyl ester (MeOCySH),
homo-cysteine (hCySH), penicillamine (PenSH), N-acetyl-
cysteine (NACySH), N-acetyl-penicillamine (NAPenSH),
and glutathione (GSH) were supplied by Sigma-Aldrich
(Milano, Italy).
Homo- and heterodimeric cadmium(II)-thiol conju-
gates were prepared by reacting 0.02M Cd(II) nitrate
with two equivalents of the considered thiols (0.02–0.04
M) in deionized water. These compounds were not
isolated, and their fragment spectra were directly re-
corded from a dilution of the reaction mixture with the
ESI diluent, a 1:1 vol/vol water-acetonitrile mixture,
containing 0.1% by volume of formic acid. The solution
was admitted into the mass spectrometer source at a
rate of 10 L/min with a Hamilton syringe pump.
Mass spectrometric analyses were performed on an
Applied Biosystems API365 triple quadrupole instru-
ment (Monza, Italy), equipped with an ESI source and
operated in the positive-ion mode. The orifice and ring
potentials were optimized either to minimize in-source
fragmentation of some compounds (typical values were
OR  15 V and RNG  150 V or OR  5 V and RNG 
50 V) or to purposely generate molecular fragments for
further ion analysis (typical values were OR 50 V and
RNG  350 V).The source and MS/MS spectra were obtained in the
multi-channel average mode over the infusion time of
the sample solution until the signal/noise ratio of the
relevant signals was judged adequate. Collisionally
activated decomposition in MS/MS experiments was
accomplished with N2 gas at a pressure setting value
(CAD GAS) of 3 and at nominal collision energy values
ranging from 2 to 45 V. Acquisition of fragment ions
was from m/z 50 to a value three to five mass units
higher than that of the precursor ion.
Unless specified, all m/z signals of Cd-containing
species are referred to the 114Cd isotope. Fragment
spectra were routinely recorded from precursors con-
taining the naturally occurring 114Cd and 112Cd iso-
topes, to observe which fragments retain cadmium and
shift by the expected 2 mass units (to signify the
occurrence of such mass shift, the peaks are sometimes
labeled with a horizontal two-pointed arrow (↔) in the
reported mass spectra).
Post-acquisition elaboration of the spectra and calcu-
lations were performed with custom Microsoft Excel
spreadsheets on raw data mass-intensity files exported
from the mass spectrometer.
Results
Formation of Cadmium(II)-Thiol Compounds
Infusion of reaction mixtures containing Cd2 (as the
nitrate salt) and the considered thiols or thiol mixtures
at millimolar concentrations into the ESI source allows
the observation of signals corresponding to the proton-
ated molecules of the anticipated adducts, to some
specific fragments and to some adducts with the nitrate
counter-ion and with the molecules of the organic
solvents (methanol, iso-propanol and acetonitrile) em-
ployed as modifiers in the spray solution. The 19
obtained homo- and heterodimeric compounds of gen-
eral formula R1S-Cd-SR2 are listed and numbered in
Table 1 according to the increasing molecular mass of
the R1SH and R2SH components, the compound with
the lower mass being considered as R1SH.
Figure 1 reports as an example the source spectrum
obtained from a stoichiometric mixture of penicillamine
(20 mM), N-acetyl-cysteine (20 mM) and cadmium(II) (10
mM), incubated for 30 min at 37 °C and diluted 1:10 with
an ESI modifier containing 50% (vol/vol) isopropyl alco-
hol and 0.1% formic acid to a final concentration of 2 mM
with respect to initial cadmium concentration just before
infusion. Although no systematic study was carried to
explore the contribution of source parameters (in particu-
lar of the orifice OR and ring RNG potentials) to the nature
and abundance of the different cadmium-containing spe-
cies in the spectra of the examined cadmium-amino acid
systems, the obtained spectra are the compromise be-
tween collision-induced decomposition of the precursor
protonated conjugates to yield the observed fragments (at
higher values of orifice and ring potential) and formation
of abundant uncharacterized mass spectrometric signals,
amine
e isot
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amino acids, and solvent molecules (see the signals
Table 1. Main ions and relative intensity in the MS/MS fragme
peptides
R1 R2 MH
a
ECM
(eV)
1 CySH CySH 355 1.10 338 (MH-NH
251(CyS-C
2 CySH MeOCySH 369 1.20 352 (MH-NH
(MeOCyS
15%), 248
10%), 134
3 CyS NACySH 397 1.65 379 (MH-H2
OH*H; 3
252 (CyS-
(CyS; 35
4 CyS NAPenSH 425 1.55 407 (MH-H2
Cd-SH -H2
234 (CyS-
5 CySH GSH 541 1.18 420 (GS-Cd
6 MeOCySH MeOCySH 383 1.02 366 (MH-NH
(MeOCyS
10%), 134
7 MeOCySH PenSH 397 0.99 380 (MH-NH
266 (MeO
(MeOCyS
8 hCySh PenSH 397 1.65 380 (MH-NH
(hCyS-Cd
(hCyS-Cd
9 hCySh NAPenSH 439 1.50 421 (MH-H2
SH -H2O*
OH*H; 3
10 PenSH PenSH 411 1.59 394 (MH-NH
28%), 296
*H; 84%
116 (H2N-
11 PenSH NACySH 425 2.16 294 (NACyS
162 (NAC
12 PenSH NAPenSH 453 1.75 435 (MH-H2
SH -H2O*
262 (PenS
13 PenSH GSH 569 1.17 454 (GS-Cd-
Cd -Gly;
14 NaCySH NaCySH 439 1.44 421 (MH-H2
65%), 318
(NACyS-C
63%)
NaCySH — 276b 1.38 258 (276-H2
15 NaCySH NaPenSH 467 1.70 449 (MH-H2
100%), 32
(NACyS-C
69%), 262
16 NACySH GSH 583 1.15 454 (GS-Cd-
-Gly; 22%
17 NAPenSH NAPenSH 495 1.34 477 (MH-H2
SH -H2O*
(304 -CH2
18 NAPenSH — 304b 1.60 286 (304 -H2
NAPenSH GSH 611 0.83 593 (MH -H2
19 GSH GSH 727 0.70 598 (MH -Py
GSH — 420b 0.88 402 (420 -H2
Abbreviations: CySH: cysteine; hCySH: homo-cysteine; PenSH: penicill
glutathione. a 114Cd isotopomer of the molecular cluster, containing th
bsource-generated fragment.marked with the asterisk between m/z 500 and 700 in thereported spectrum). The ESI source parameters were
adjusted aiming at stable and intense ion current for
ectra of protonated Cd(II) conjugates of thiol amino acids and
Main fragment ions
0%), 268 (CyS-Cd-SH *H; 11%), 252 (CyS-Cd-OH*H; 42%),
3
; 38%), 234 (CyS-Cd; 58%), 120 (CyS; 6%)
0%), 266 (MeOCyS-Cd-OH*H; 20%), 265
H3
; 20%), 252 (CyS-Cd-OH*H; 15%), 251 (CyS-Cd-NH3
;
OCyS-Cd; 75%), 234 (CyS-Cd; 48%), 136 (MeOCySH*H;
OCyS; 8%), 120 (CyS; 6%)
%), 362 (379-NH3; 18%), 334 (362-CO; 72%), 294 (NACyS-Cd-
292 (NACyS-Cd-SH -H2O*H
; 29%), 276 (NACyS-Cd; 72%),
H*H; 48%), 234 (CyS-Cd; 100%), 162 (NACyS; 66%), 120
%), 390 (407-NH3; 31%), 362 (390-CO; 81%), 320 (NAPenS-
; 9%), 304 (NaPenS-Cd; 53%), 252 (CyS-Cd-OH*H; 38%),
100%), 120 (CyS; 18%).
%), 345 (420 -Gly; 100%), 317 (345 -CO; 90%)
0%), 266 (MeOCyS-Cd-OH*H; 50%), 265
H3
; 37%), 248 (MeOCyS-Cd; 100%), 136 (MeOCySH*H;
OCyS; 8%)
0%), 336 (MH-NH3-CO2; 98%), 282 (MeOCyS-Cd-SH*H
; 5%),
Cd-OH*H; 10%), 265 (MeOCyS-Cd-NH3
; 10%), 248
;75%), 150 (PenSH*H; 10%)
%), 336 (380-CO2; 14%), 282 (hCyS-Cd-SH*H
; 10%), 280
8%), 266 (hCyS-Cd-OH*H; 44%), 262 (PenS-Cd; 14%), 248
0%), 148 (PenS; 9%), 134 (hCyS; 21%)
%), 403 (421-H2O; 6%), 375 (403-CO; 19%), 320 (NAPenS-Cd-
1%), 304 (NAPenS-Cd; 35%), 286 (304-H2O), 266 (hCyS-Cd-
248 (hCys-Cd; 100%), 174 (22%), 134 (hCyS; 100%)
), 377 (MH-CO2; 3%), 350 (394-CO2; 56%), 333 (350-NH3;
S-Cd-SH*H; 4%), 289 (333-CO2; 16%), 280 (PenS-Cd-OH
(PenS-Cd; 100%), 201 (350-PenSH; 6%), 148 (PenS; 19%),
CMe2)-COOH; 3%)
H *H; 8%), 276 (NACyS-Cd; 28%), 262 (PenS-Cd; 9%),
100%)
), 418 (435-NH3; 3%), 374 (418-CO2; 97%), 320 (NAPenS-Cd-
1%), 304 (NAPenS-Cd; 100%), 296 (PenS-Cd-SH*H; 18%),
; 14%), 174 (41%), 148 (PenS; 22%)
; 4%), 420 (GS-Cd; 100%), 402 (420-H2O; 3%), 345 (GS-
), 317 (345-CO; 6%)
%), 403 (421-H2O; 3%), 375 (403-CO; 9%), 333 (375 -CH2¢CO;
-CySH *H; 72%), 294 (NACyS-Cd-OH*H; 56%), 292
-H2O *H
; 89%), 276 (NACyS-Cd; 100%), 162 (NACyS;
%), 248 (276-CO; 13%), 162 (NaCyS; 100%)
%), 431 (449-H2O; 4%), 361 (403 -CH2¢CO; 14%), 346 (?;
PenS-Cd-SH -H2O *H
; 32%), 304 (NAPenS-Cd; 54%), 292
-H2O*H
; 32%), 286 (304-H2O; 60%), 276 (NACyS-Cd
;
-CH2¢CO; 43%), 260 (304-CO2; 37%), 162 (NACyS
; 72%)
H; 3%), 420 (GS-Cd; 100%), 402 (420-H2O; 4%), 345 (402
(345-CO; 13%)
0%), 403 (477 -CH2¢CO; 51%), 346 (?; 48%), 320 (NAPenS-Cd-
00%), 304 (NAPenS-Cd; 54%), 286 (304 -H2O; 13%), 262
6%), 260 (304 -CO2; 10%)
9%), 262 (304 -CH2¢CO; 100%), 190 (NAPenS
; 16%)
%), 454 (GS-Cd-SH *H; 100%), 420 (GS-Cd; 66%)
), 420 (GS-Cd; 19%), 308 (GSH *H; 8%)
%), 345 (420 -Gly; 41%), 317 (345 -CO; 31%)
; NACySH: N-acetyl-cysteine; NAPenSH: N-acetyl-penicillamine; GSH:
opomers [112Cd-34S] (approx. 3%) and [110Cd-34S2] i(approx. 3%).nt sp
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1445J Am Soc Mass Spectrom 2006, 17, 1442–1455 ES-MS-MS OF CADMIUM THIOL CONJUGATESThe reported spectrum shows a prominent signal at-
tributable to protonated penicillamine (m/z 150; 100%), a
weaker one due to protonated N-acetyl-cysteine (m/z 164;
11%), one due to the protonated heterocluster (m/z 313).
Several cadmium-containing species in the 5 to 15% rela-
tive intensity range, identified because of their character-
istic isotopic pattern, can be assigned to the expected
cadmium-amino acid conjugates and to their fragments,
as confirmed by fragment ion analysis (vide infra), and to
some species that may be generated in the source pressure
gradient by reaction with molecules of the electrospray
solvent during the desolvation step of the ionization
process. The main signals are assigned as follows: m/z 219
(unidentified); m/z 234 (CyS-Cd, possibly generated from
loss of ketene from m/z 276); PenS-Cd (m/z 262);
NAcCyS-Cd (m/z 276); NAcCyS-Cd-OH *H (m/z 294);
m/z 336 (NAcCyS-Cd-OiPr*H); m/z 411 of the protonated
penicillamine-Cd homoconjugate (10); m/z 425 of the
heterodimeric S-penicillaminyl-S-(N-acetyl)-cysteinyl-
cadmium(II) (11); m/z 439 of the protonated N-acetyl-
cysteine homoconjugate (14).
To correctly compare relative signal intensities, to qual-
itatively appreciate the extent of amino acid conversion to
the expected cadmium(II) conjugates, it should be remem-
bered that the ion current of each Cd-containing species is
distributed among six main isotopes (110Cd–116Cd), the
most intense of which, 114Cd, only accounts for 29% of the
total. Therefore, the ion current relative to the main Cd
isotopes were summed in the centroided spectra to yield
an isotope-merged intensity value for the signals of the
Cd-containing species. The intensity ratio of the Cd-
containing species to that of the ligand amino acids in the
spectrum of Figure 1 is of approximately 3:1. The intensi-
ties of the protonated conjugates of penicillamine (m/z
407–413; 31%), of the heterodimeric S-penicillaminyl-S-
(N-acetyl)-cysteinyl-cadmium(II) (m/z 421–427; 31%), and
of N-acetyl-cysteine (m/z 435–441; 19%) show an approx-
Figure 1. ESI source spectrum of a stoichiometric (1:1:1) mixture
of penicillamine, N-acetyl-penicillamine and Cd (as nitrate), each
2 mM, in a 50% water-isopropyl alcohol mixture containing 0.1%
formic acid (OR potential 15 V; RNG potential 150 V). The asterisk
marks uncharacterized Cd-containing species.imately 1:1:0.5 ratio.The observed intensity of each detected molecular
signal is in principle the result of two phenomena: the
chemical conversion efficiency of the ligand amino acid
into the conjugate and its detection efficiency, which is
related to the degree of analyte protonation and desol-
vation in the ESI process. When compared with the
expected 1:2:1 ratio, which should be observed in the
absence of discrimination factors due to differences in
the chemical reactivity of the thiol groups of the exam-
ined amino acids towards cadmium and of differences
in ionization affinity, it may be evaluated that the effect
of the N-acetyl group on conjugate ionization efficiency
weights in the order of a factor of two for the cadmium
conjugates, while for the free, protonated amino acids it
is higher (approximately eight times, as appreciated
from the relative intensities of protonated penicillamine
and N-acetyl-cysteine in equimolar ratio).
The behavior of the described reaction mixture is
representative of most of the examined thiol amino acid-
cadmium(II) systems, where a substantially higher con-
centration of the ligand amino acids and of the metal had
to be employed to obtain analyzable ion signals than in the
corresponding experiments performed on thiol amino
acid-mercury(II) systems [21]. It is also worth noting that
the relative ratios of the three compounds, as judged by
the relative intensities of the signals of their protonated
molecules, is quite different from that of the correspond-
ing conjugates of mercury, previously prepared under
comparable conditions; in particular, the intensity of the
cadmium conjugates of N-acetyl-cysteine and of the
penicillamine-N-acetyl-cysteine heterodimer are much
greater than those of the mercury analogs.
For some amino acids, such as homocysteine and for
some thiol pairs no signals attributable to formation of
the expected conjugates could be observed, while an
increase of the concentration of the reagents hampered
complete dissolution of the thiol amino acid (as in the
case of the poorly soluble N-acetyl-penicillamine) or
caused precipitation of intractable jelly materials upon
mixing of the amino acid and cadmium solutions. In
those cases, no effort was made to obtain the products
by optimizing the reaction conditions.
Characterization of Protonated bis-Thiolate-
Cadmium(II) Species by Tandem
Mass Spectrometry
The protonated molecules of the 19 obtained cadmium(II)-
bis-thiolates can be characterized by collisional spectros-
copy of the ions appearing in the source spectra of the
infused mixtures and the main fragments identified in
their CAD-MS-MS spectra are listed in Table 2. For several
compounds, a range of collision energy values was ex-
plored to investigate some details of the fragmentation
mechanisms, while a more detailed energy-resolved tan-
dem mass spectrometric study was performed only on
protonated bis-cysteinyl-cadmium(II). The spectra re-
ported for each compound in Table 1 have been selected
1446 RUBINO ET AL. J Am Soc Mass Spectrom 2006, 17, 1442–1455as those obtained at a value of the collision energy that
yields a large number of fragments spread over the mass
range and useful for the identification of Cd-thiol conju-
gates in biological samples. Examples of conjugates yield-
ing a low or a large number of fragments in the collision-
ally activated decomposition of their protonated
molecules, respectively, are shown in Figure 2 (bis-
glutathionyl-cadmium(II); 19) and in Figure 3 (S-homo-
cysteinyl-S-(N-acetyl)-penicillaminyl-cadmium(II); 9).
Also, due to the fairly large range of molecular
masses of the analyzed ionic precursors, ranging from
m/z 274 of the NACyS-112Cd fragment of protonated
(NACyS)2Cd to m/z 727 of [
114Cd]-protonated bis-
glutathionyl-cadmium(II), the values of the collision
energy of the reported spectra are referred not to the
“laboratory frame” (Elf, i.e., the nominal collision en-
ergy calculated in the employed instrument as the
difference between the Q0 and R02 potentials), but
rather to the center-of-mass (Ecm) of the impinging
ion-neutral target system, calculated according to eq 1
[22], the mass of the target gas being 28, that of nitrogen:
EcmEif * (mTAR ⁄ (mTARmion) (1)
The efficiency of the decomposition pathways that give
rise to the different fragments within the same molecule
or among different molecules may be better appreciated
by expressing the intensities of the individual ions as
the percent fraction of the total ion current of the
collisionally activated fragment spectrum (including
the surviving precursor ion), as reported in Table 2,
rather than referring to the intensity of the most intense
peak in the spectrum, as reported in Table 1.
In general, fragmentation of the analyzed com-
pounds shows a close and expected similarity to that of
the corresponding mercury(II) conjugates [21], as well
as some unexpected and important differences, due to
the appearance of further structurally specific decom-
position processes.
Direct fission across the bonds of the C-S-Cd system
may formally give rise to four main fragment types,
which are coded according to Scheme 1: a nonsulfur
containing ion, formally carrying the positive charge on
the -carbon of the thiol amino acid (a-type fragments);
one carrying a formal positive charge on the thiol sulfur
atom (b-type fragments), one retaining the cadmium
atom in the ionic fragment (c-type), and one formally
retaining the entire sulphur-metal-sulphur group in the
ionic fragment (d-type). As apparent, b- and c-type
ions, as well as a- and d-type ions, give rise to comple-
mentary fragment pairs. Moreover, further ionic species
with a bis-coordinated cadmium atom carrying one
sulphur and one oxygen (coded as c (OH) fragments)
ligand may formally derive from c-type ions, although
their formation mechanism is still unknown and may be
originated by intramolecular or ion-molecule processes
(vide infra).
Other fragmentation modes are attributable to the
presence of specific functional groups and connectivi-ties, such as the - and -peptide bonds in the spectra of
the glutathione conjugates and the acetyl group of those
with N-acetyl-cysteine and N-acetyl-penicillamine li-
gands, which are separately described.
Fission at the COS Bonds: Formation
of a- and d-Type Fragments
Fragmentation at the COS bonds to release the m/z 130
and 158 a-type fragment ions is not observed in the
cadmium(II)-thiol conjugates containing N-acetyl-
cysteine and N-acetyl-penicillamine, respectively, in
contradiction of what is observed in the corresponding
mercury(II) compounds [21]. Only in the penicillamine
homoconjugate 10, a fragment at m/z 116 (formally an
a-type fragment carrying the positive charge at the
tertiary -carbon, the real connectivity of which was not
further investigated, due to its little structural signifi-
cance) is observed as a weak fragment (1–3%).
The complementary fragment, formally retaining the
intact S-Cd-S connectivity, is observed as the sulfenium
(d-type) ion only in conjugate 8, while as the protonated
thiol (dH-type) it is observed in all but three (namely, 5
CyS-GSH, 11 Pen-NAPen, 18 GSH-GSH) of the exam-
ined compounds, although with a greatly variable
abundance (1-10% of the total ion current). The most
intense fragment (44%) is observed in the spectrum of
the homodimeric conjugate of N-acetyl-penicillamine
and glutathione 18.
Formal loss of water from the dH-type fragments
may give rise to fairly intense ions that are observed in
the spectra of compounds 3,4,8,9,12,14,15, and 17, all
but 8 carrying at least one N-acetyl residue in the
molecular connectivity. In the heterodimeric com-
pounds 3,4,9, and 12, all carrying one ligand with a free,
protonated amino group and one with an N-acetyl
group, only the fragment with the modification is
observed; in the heterodimeric conjugate 15, the ratio of
the two possible fragments is of approximately two in
favor of that of N-acetyl-penicillamine. A greater inten-
sity of the fragment is observed in compounds 14,15,
and 17, which carry two N-acetyl groups. Its formation
from the protonated molecule can be depicted as in
Scheme 2, by two parallel pathways, each composed of
the same two fragmentation processes occurring one in
each thiol amino acid residue.
Fragmentation process a (loss of water) corresponds
to the oxazolone-forming pathway, which is the ac-
cepted process for fission of the peptide bond of pro-
tonated peptides [23] to yield the  b-type fragment in
Roepstorff and Fohlmann’s nomenclature [24]. Frag-
mentation process b (formation of the SOH bond) can
be envisaged as a charge-remote process, yielding the
dH-type fragment also observed as a stand-alone, yet
weak, peak in the spectra of the examined conjugates.
To investigate the precise order of occurrence of pro-
cesses a and b in the formation of the [dH-H2O]
 frag-
ment, the source-generated (114Cd)-[MH  H2O]
 frag-
Table 2. Abundance of fragments derived from fission of the cadmium-dithiolate system in the spectra of protonated cadmium(II)-thiolate amino acids and peptides (for the coding of
fragments, see text and Scheme 1)
m/z
Ecm
(eV) R1SH MH a1 b1 b1H c1 d1H-H2O c1(OH) d1 d1H d2H d2 c2(OH) d2H-H2O c2 b2H b2 a2 R2SH
1 355 1.83 CySH 1 13 24 10 1 1 10 24 13 CySH
2 369 1.20 CySH 24 6 12 4 5 18 2 8 MeOCySH
3 397 2.31 CySH 0,2 37 11 5 2 2 4 39 NACySH
4 425 2.16 CySH 1 41 27 14 3 NAPenSH
5 541 1.18 CySH 9 67 GSH
6 383 1.02 MeOCySH 25 1 1 13 4 4 13 1 1 CySH
7 397 0.99 MeOCySH 25 18 2 1 2 PenSH
8 397 2.31 hCySH 0,3 46 25 10 1 1 3 12 PenSH
9 439 2.10 hCySH 1 47 22 8 2 3 NAPenSH
10 411 2.17 PenSH 0,2 18 12 11 0,2 0,2 11 12 18 PenSH
11 425 2.16 PenSH 1 6 5 19 68 NACySH
12 453 2.04 PenSH 0,3 12 19 2 6 15 3 NAPenSH
13 569 1.64 PenSH 48 3 29 GSH
14 439 2.10 NACySH 1 24 2 2 2 2 24 NACySH
15 467 1.98 NACySH 0,2 28 10 4 3 9 6 NAPenSH
16 583 1.15 NACySH 5 68 GSH
17 495 1.34 NAPenSH 0,2 9 16 16 9 NAPenSH
18 611 0.83 NAPenSH 23 44 29 GSH
19 727 0.70 GSH 76 3 8 8 3 GSH
Note: the reported intensities are calculated, for each compound, as the percent fraction of the ion current of the relevant fragment with reference to the sum of all ion signals in the spectrum. To improve
the comparison of intensity, the collision energy is reported as the center-of-mass value (see text); in the spectra of homodimeric conjugates, the calculated intensity of the fragment is equally shared among
the two ends of the molecule. The reported spectra are recorded at a value of the collision energy as to maximize the sum of the intensities of the fragments deriving from fission of the cadmium-dithiolate
system.
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1448 RUBINO ET AL. J Am Soc Mass Spectrom 2006, 17, 1442–1455ments of the conjugates 14 [(NACyS)2Cd], 15 (NACyS-Cd-
SPenNA), and 17 [(NAPenS)2Cd] were subjected to
fragment ion analysis and showed formation of the prod-
uct ions at m/z 292 and 320 as one of the most intense
processes. Moreover, absence of the dH-type fragment in
the fragment spectra of conjugates 14,15, and 17, where
the dH-H2O]
 fragment is particularly intense, may sup-
port the hypothesis that the overall pathway leading to
this fragment sees the intermediacy of the [MH  H2O]

fragment rather than that of the dH-type fragment (path-
way on the left of Scheme 2).
Fission at the CdOS Bonds: Formation of b-
and c-Type Fragments
Fission at the CdOS bonds generally give rise to intense
fragments either retaining (c-type fragments), or not
(b-type fragments), the metal in the ionic fragment.
These fragments are important not only from the struc-
tural point of view, since they allow to confirm the
molecular connectivity and to identify the involved
thiols, but also from the point of view of the biochem-
ical and toxicological significance of the heavy metal-
thiol conjugates. In the examined compounds, b-type
Figure 2. Fragment spectra of: (upper) proton
(collision energy: 0.70 eVCM); (lower) [
114Cd]-gl
0.88 eVCM).fragments are comparatively less frequent (7/14 com-pounds show at least one) and less abundant (2–10% of
the total ion current) than c-type ones (13/14 com-
pounds; 17–55% of the total ion current).
Other metal-retaining ionic species can be observed in
the spectra, which feature a formally bis-coordinated cad-
mium atom with one amino acid thiolate and one hy-
droxyl ligand, coded as c(OH)-type fragments. To inves-
tigate the connectivity of this new fragment, fragment ion
analysis was carried out on a m/z 320 (112Cd) / 322 (114Cd)
source-generated ion in the spectrum of protonated
(NAPenS)2Cd (17) (Figure 4). It is worth noting that no
Cd-free fragment ions are observed even at the relatively
high value of the collision energy (1.91 eVcm) employed to
enhance the poor fragmentation of the precursor ion
observed at lower energy (not shown), except for very
low-mass N-acetyl-penicillamine fragments at m/z 190
(NAPenS) and below m/z 150 (m/z 146;112;102;87;70 [25].
Several Cd-containing fragments are present down to the
most intense peak observed at m/z 147/149, which possi-
bly analyzes for [HO-Cd-OH2] or for [CdS*H] (the
accurate mass could not be measured), thus pointing to a
very tight metal binding to the organic ligand and at
extensive rearrangement of the binding atoms, which
accounts for the formation of many fragments in the
[114Cd]-bis-glutathionyl-cadmium(II) at m/z 727
ionyl-cadmium(II) at m/z 420 (collision energy:ated
utathspectrum.
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of one water molecule from the precursor ion (possibly
one from the hydroxyl ligand formally placed on the
metal center and one from the carboxyl group through
the oxazolidinone pathway of Scheme 2) to yield m/z
302/304 and 284/286; further loss of ketene and of the
elements of formic acid occurs from m/z 302/304. Oc-
currence of these fragmentations confirms the integrity
of the N-acetyl and of the carboxyl portions of the
fragment and suggest that the c(OH)-type fragment
may be connected as having a hydroxyl ligand at the
metal center.
To investigate the mechanism of the reaction leading
to the c(OH)-type fragment, three model cadmium
conjugates of cysteine methyl ester, the homodimeric
one(6; m/z 383) and the heterodimeric ones of cysteine
(2; m/z 369) and of penicillamine (7; m/z 397) were
studied. In their fragment spectra, the ions derived from
the cysteine methyl ester part of the protonated precur-
sor molecules are more intense than those of either
Figure 3. Fragment spectra of protonated [114C
mium(II) 8 at a collision energy of 1.43 eVcm.Scheme 1cysteine or penicillamine (the latter are almost com-
pletely missing in the fragment spectra of the penicilla-
mine conjugate) and feature the same pattern (forma-
tion of RS-Cd-NH3
 and RS-Cd-OH*H species)
observed in the cysteine homo-conjugate 1, considered
as the reference compound. On the contrary, transfer of
the methoxyl group of the methyl ester to the (formally)
cationic metal center to yield a m/z 280 fragment is not
observed in any of the examined conjugates 2, 6, or 7.
Moreover, the origin of a fragment at m/z 266 (formally
connected as MeOCyS-Cd-OH *H) among the unimo-
lecular fragments of the protonated homo-conjugate of
cysteine methyl ester 2 could not be understood, since
its formation from the protonated precursor is ham-
pered by lack of a hydroxyl function. Such fragment
may be generated by ion-molecule reaction of the main
c-type fragment (e.g., MeOCyS-Cd at m/z 248) with
background water either in the interface region of the
electrospray source or in the triple quadrupole collision
cell. Indeed, both processes may occur in the instrument
employed by us, since in the standard operational mode
the nitrogen gas employed to fill the collision chamber
is taken from the curtain gas supply and may thus
contain traces of the electrospray solvents. Recently,
this same instrument was employed to purposely per-
form ion-molecule reactions with selected volatile re-
agents in either instrument region [25]. This likely
explains our observation of several products of RS-
Cd-X stoichiometry (R being several thiol amino acids,
X being H2O, iPrOH, and MeCN) observed in the
-homo-cysteinyl-S-(N-acetyl)-penicillaminyl-cad-d]-Ssource spectra, as exemplified in Figure 1 by m/z 336
heme
1450 RUBINO ET AL. J Am Soc Mass Spectrom 2006, 17, 1442–1455(NACyS-Cd-OiPr *H), although the attempt to dem-
onstrate reaction in the source by D2O exchange failed
to give interpretable results, due to the overlap of the
Cd isotope pattern to those of ion species with a
different number of exchanged labile protons. Also, our
attempt to investigate the occurrence of ion-molecule
reactions with trace water (and D2O) in the collision cell
[26] (as suggested by one Referee) was frustrated by
experimental limitations.
Decomposition of Cadmium(II)-Monothiolate
Fragment Ions
The source spectra of several cadmium-thiol amino acid
or peptide systems feature some ions at the m/z values
expected for the RS-Cd species (c-type fragments). To
probe their connectivity, those of N-acetyl-cysteine (m/z
274/276), of N-acetyl-penicillamine (m/z 302/304), and
of glutathione (m/z 418/420) were subject to fragment
ion analysis by collision-activated decomposition at
several values of collision energy.
In the case of amino acid and N-acetyl-amino acid
Scligands, release of the metal ion to yield a b-typemetal-free ion only requires a mild collisional activa-
tion, as apparent from the spectrum of the c-type
fragment of N-acetyl-cysteine (m/z 274/276), reported in
Figure 5, which yields the ion at m/z 162 as the main
fragment (approximately 60% of the TIC at 1,39 eVcm).
What is of particular interest in the decomposition of
this ion is the occurrence of two parallel processes, one
entailing stepwise loss of water and carbon monoxide,
the other loss of carbon monoxide from the precursor
ion.
Formation of GS-Cd ions from the protonated pre-
cursors of their homo- and heterodimeric conjugates
and decomposition through loss of the coordinated
metal is an important process from the point of view of
the toxicological significance of the heavy metal-thiol
conjugates. Although a detailed energy-resolved study
of formation and decomposition of these species is
outside the scope of this particular work, preliminary
data obtained on compounds 5, 13, 16, 18 and 19 show
that all compounds yield the GS-Cd fragment with
comparable efficiency from the respective protonated
precursor ions. Fragmentation of the glutathionyl-cad-
2mium(II) ion only features loss of water from the
n en
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yield the cysteine acylium and immonium ions (a2 and
b2 ions in Roepstorff and Fohlmann’s nomenclature
[24], but no Cd-free fragment at collision energies up to
Figure 4. Fragment spectra of the source-gene
NAPenS-Cd-OH * H (lower panel) at a collisio
Figure 5. Fragment spectra of the source-gene
NACyS-Cd  (lower panel) at a collision energy of 11.8 eVcm, as also reported by Burford et al. [19]. Two
carboxyl groups (one from the glycine C-terminus, the
other from glutamic acid) of which at least one in the
deprotonated form may coordinate the cadmium ion in
fragment [114Cd]- (upper panel) and [112Cd]-
ergy of 1.91 eVCM.
fragment [114Cd]- (upper panel) and [112Cd]-ratedrated
.39 eVCM.
heme
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Since loss of the N-terminal -glutamyl residue (either
as the m/z 130 protonated pyroglutamic acid or as the
loss of 129 u) is suppressed, it is likely its carboxyl
group, rather than that of glycine, to coordinate the
metal atom.
Protonated Amino Acid and Peptide Ions
The only fragment corresponding to a protonated thiol
amino acids or peptide (RSH*H; bH-type fragment)
observed in the spectra of cadmium(II)-thiolates is that
of protonated glutathione (m/z 308) occurring in the
symmetrical conjugate but not in any of the other
examined heterodimeric conjugates.
Fragments from Other Functional Groups
The amino acid and N-acetyl amino acid functions of
the participating thiols give rise to their own fragmen-
tation processes, which may account for an abundant
proportion of the ion current. All conjugates undergo
concerted loss of water and carbon monoxide from the
amino and carboxyl group(s), single or double stepwise
loss of water, and those carrying free amino groups also
give rise to single or double stepwise loss of ammonia.
A few compounds containing penicillamine also un-
dergo loss of the carboxyl group as carbon dioxide.
Some conjugates containing N-acetyl-cysteine and N-
acetyl-penicillamine also undergo loss of the acetyl
group as a formal neutral ketene, setting the amino
group in the free form and thus triggering further
fragmentation.
Parallel losses of water and of ammonia occur
from the two thiol components in the isomeric con-
jugate pair of protonated S-cysteinyl-S-(N-acetyl)-
penicillaminyl-cadmium(II) (4) and S-penicillaminyl-
S-(N-acetyl)-cysteinyl-cadmium(II) (11). The [MH 
NH3]
/[MH  H2O]
 ion ratio is much lower in the
penicillamine conjugate than in the cysteine one. The
difference can be explained since water loss occurs
Scthrough the oxazolone pathway (Scheme 2), whileloss of ammonia occurs by intramolecular nucleo-
philic displacement yielding the thiiranecarboxylic
unit (Scheme 4). While the steric hindrance of the
gem-dimethyl group of penicillamine is not relevant
to the generation of the [MH  H2O]
 ion, since it is
far from the reacting center, it hampers formation of
the thiirane ring in the process leading to the [MH 
NH3]
 fragment.
Unimolecular Decomposition
of bis-Cysteinyl-Cadmium(II)
A peculiar difference in the fragment spectrum of
protonated bis-cisteinyl-cadmium(II) 1 among all exam-
ined cadmium conjugates is occurrence of a formal
c(NH2) fragment is observed (m/z 249/251) only in the
same range of collision energy where the [M  NH3]

fragment appears and which is not observed as a
collision-induced dissociation product in the ion source.
It is conceivable that the ion-neutral complex generated
by intramolecular nucleophilic displacement of the pro-
tonated amino group may either dissociate to yield the
[MH  NH3]
 ion or generate the fragment at m/z
249/251 through nucleophilic displacement of the thi-
iranecarboxylic acid neutral, as depicted in Scheme 4
(vide infra).
To support this hypothesis and to gain insight in the
several problems arising in the mechanistic interpreta-
tion of the fragmentation of Cd-thiolates, a more de-
tailed energy-resolved fragment ion analysis was ob-
tained for this most simple model compound. The
experiments were performed on the 110Cd isotopomer
at m/z 351, which contains the lightest abundant isotope
of cadmium, to minimize the contribution of 13C and 34S
from the other isotopomers of the molecular envelope.
The relative abundance of the nine main fragments and
of the protonated molecule are plotted versus the cen-
ter-of-mass collision energy in the range of approxi-
mately 0.1 to 3.0 eVCM (from 1 to 40 V of nominal
collision energy), as reported in Figure 6a and b.
3Only two fragments, i.e., the b- and bH-type frag-
heme
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of collision energy, while the relative yields of all other
fragments maximize between approximately 1 and 2.5
eVcm and then decrease. The value of energy at which
the maximum yield of the fragment occurs may be
employed to evaluate the relative ease of formation of
the fragments deriving from nominal direct fission of
the cadmium thiolate bond system or from metathesis
reactions and to judge whether lower m/z fragments
may really derive from higher m/z ones by loss of
chemically meaningful neutrals. To this aim, a prelim-
inary evaluation of the maxima was calculated from the
first derivative of the curves, as reported in Table 3.
In particular, the yield of the [MH  NH3]
 and
CyS-Cd-NH2 * H
 fragments maximize at a very close
value of approximately 1.3 eVcm and decrease with
almost parallel curves, thus strengthening the probabil-
ity of the mechanism of Scheme 4, which is closely
ScFigure 6. Fragment yield curves for protonsimilar to the behavior observed for protonated cysteine
[28], cystine [27], and bis-cysteinyl-mercury(II) [21], and
thoroughly characterized by computational methods
for cysteine [28a, b]. Also, the close values of the energy
maxima of the species connected as [CyS-Cd-X * H], X
being NH2 and SH and the higher value for that bearing
the X ligand as OH suggest that the isomerization of the
molecular connectivity to yield the c(OH) structure is a
higher-energy process than the N¡ S metathesis lead-
ing to the CyS-Cd-NH2*H
 fragment and than the
capture of the hydroxyl proton to yield the dH frag-
ment. Moreover, the large energy difference (1.2 eV)
between the CyS-Cd and CyS fragments points to a
relatively energetic requirement for detachment of the
Cd atom from the thiolate ligand, through a formal
reduction of the metal from Cd2 to Cd [0] in the
cysteinyl-cadmium(II) species.
The fragmentation efficiency curves for the corre-
4ated bis-cysteinyl-110 cadmium(II) (1).
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teine methyl ester 6 (not reported) show more promi-
nent formation of the MeOCyS fragment at all
collision energy values in the examined range and the
intensity of the MeOCyS-Cd fragment starts to de-
crease at least 0.5eV earlier than in the free acid 1, thus
suggesting that the free carboxyl group may have a
substantial role in stabilizing the formal mono-positive
charge on the metal. This phenomenon is likely to
influence the net charge of the conjugate and thus its
transport across biological boundaries and therefore
deserves a more quantitative investigation, which may
prove of great value in unveiling the mechanism of
cadmium toxicity at the molecular level. However, the
use of energy-resolved mass spectrometric data to
study such aspects at the boundary of mass spectrom-
etry and the biological sciences needs a much more
accurate control of the experimental conditions of frag-
ment ion analysis for the measurement of threshold
energies for fragment ion formation, as repeatedly
warned by Armentrout [29].
Discussion and Conclusions
Several homo- and heterodimeric cadmium(II)-bis-thio-
lates can be obtained by mixing nearly neutral aqueous
solutions of amino acids and peptides and Cd(II) ions at
millimolar concentrations, i.e., at the concentration of
intracellular red blood cell glutathione and of plasma
amino acids in humans. The obtained abundance of the
amino acid-thiol conjugates observed by electrospray ion-
ization is much less than that observed under similar
conditions for the corresponding mercury(II) conjugates
[21], thus pointing to a lower affinity of cadmium for the
thiolate ligand. Although a detailed analysis of these
results is beyond the scope of this particular paper, it is
conceivable that such differences may underscore those in
reactivity, in lipophilicity, in proton affinity, and in other
chemical characteristics, which in turn affect toxicokinetic
and toxicodynamic differences among the two metals.
Our results are similar to those of recent experiments
by Burford and coworkers, who show formation of
multiple ionic species of different stoichiometry in the
electrospray spectra of cysteine, homo-cysteine and
glutathione with several heavy metals among which
cadmium and mercury. In particular, they report for-
Table 3. Center-of-mass collision energy value (eV) for
maximum yield of the fragments of protonated bis-cysteinyl-
cadmium(II) 1
[MH - NH3]
 1.23
CyS-Cd-NH2 * H
 1.30
CyS-Cd-SH * H 1.33
CyS-Cd-OH * H 1.59
CyS-Cd 1.81
CyS-S 2.18
CyS-SH * H 2.30
CyS 3mation of a cadmium:amino acid ionic species with a1:2 stoichiometric ratio with cysteine, but not with
homo-cysteine [18], thus confirming our difficulty of
detecting metal-thiolate conjugates of this amino acid.
Also, they are able to obtain mono-S-glutathionyl-cad-
mium(II) but not the corresponding homodimeric con-
jugate [19]. It is even worth noting that Rabenstein and
coworkers [30] were able to observe differences among
some examined thiols in their ability to release cad-
mium from its glutathione-bound form in human eryth-
rocytes, cysteine being more effective than N-acetyl-
cysteine. Differences in the experimental conditions
employed for sample preparation and for mass spectro-
metric analysis (e.g., the use of a heated capillary for
electrospray in the employed ion trap mass spectrome-
ter) may explain some of the observed discrepancies
and point to the necessity of performing quantitative
measurements of the solution equilibria of metal-thio-
late systems by mass spectrometry, to compare with
those obtained with other electrochemical [11–13] and
spectroscopic techniques [31].
The connectivity and the chemical behavior of the
obtained compounds can be investigated with the use
of tandem mass spectrometry. The fragment spectra of
cadmium(II)-bis-thiolates of amino acids and peptides
yield structure-specific ions for the different ligands
bound to the metal, which allow their identification in
biological samples. Unimolecular decomposition chan-
nels are in part similar to those already observed for the
mercury(II) analogs, but also feature prominent differ-
ences, among which occurrence of intense signals of
ions due to (S ¡ N) and (S ¡ O) ligand metathesis,
which are related to a higher affinity of cadmium(II)
than mercury(II) for ligands different from the thiolate
anion, such as the hydroxyl group of the carboxylate
function and the amino group of the amino acids.
Last, cadmium(II)-bis-thiolates with glutathione and
related compounds have been identified in the body
fluids of experimental animal [7–9] and human [30, 31]
models and may be investigated as specific metabolites
for the biological monitoring of exposure to the differ-
ent chemical forms of environmental cadmium in hu-
mans. A detailed knowledge of the molecular mecha-
nisms underlying the toxic effects of metals requires the
speciation of the chemical forms under which they are
carried among the different body tissues and organs
[32] and knowledge of their reactivity under biologi-
cally relevant conditions.
The reported data on the relative ease of formation of
the different fragments of bis-cysteinyl-cadmium(II),
and especially on the reductive loss of the metal from its
thiol conjugate, may be related to the extent of oxidative
stress caused in the organism by exposure to cadmium
[33, 34] and may exemplify the multi-faceted contribu-
tion of mass spectrometric techniques [35–38] to re-
search into the mechanistic aspects [34] of cadmium
toxicology. This particular aspect, which is of a great
interest for the mechanistic interpretation of the toxic
behavior of cadmium and of other heavy metals is the
subject of our foregoing research.
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